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The angular momentum of evanescent light fields has been studied in nano-optics and plasmonics,
but not in the microwave regime. Here we predict non-contact pumping of electron spin currents
in conductors by the evanescent stray fields of excited magnetic nanostructures. The coherent
transfer of the photon to the electron spin is proportional to the g-factor, which is large in narrow-
gap semiconductors and surface states of topological insulators. Electron correlation may lead to
chirality of the spin injection.
Introduction.—Efficient transfer of spin information
among different entities is a key objective in spintron-
ics [1]. The electromagnetic field at frequency ω carries
a spin angular momentum density [2, 3]
D = 1
4ω
Im (ε0E
∗ ×E+ µ0H∗ ×H) , (1)
where µ0/ε0 are the vacuum permeability/permittivity,
and in the microwave regime the magnetic field compo-
nent ∼ Im(H∗ × H) dominates the contribution of the
electric field E. The evanescent fields at boundaries can
have local angular momentum even when the (linearly-
polarized) propagating ones have not [4, 5]. A distin-
guishing feature of such evanescent fields is the locking
between the linear and angular momentum [2, 3, 6]. The
chiral electrical near-field of a rotating electrical dipole
[4, 5], e.g., unidirectionally excites surface plasmon po-
laritons [5–7]. Metallic striplines or coplanar waveguides
biased by currents in the GHz regime also emit chiral
magnetic near-fields [8–10], which is of considerable in-
terest for magnonics [11–14], since chiral excitation is a
robust and switchable mechanism to pump a DC unidi-
rectional magnon current by an AC field [15, 16].
Spin pumping by exchange interaction is established
when the magnet and conductor form a good electric
contact, which is difficult to achieve between metals and
semiconductors including graphene because of Schottky
barriers and electronic structure mismatch [17, 18]. Even
when a good contact to a magnet can be established, re-
sults may be difficult to interpret due to proximity effects.
Spin pumping at a distance by microwaves solves these
issues since it does not require direct contact between
the magnet and the system of interest. In this Letter,
we address the non-contact angular momentum transfer
to an electric conductor by stray magnetic fields emit-
ted by an excited magnet, thereby generalizing the con-
cept of spin pumping by a contact exchange interaction
[17, 18]. We are motivated by the significant near fields
that couple magnetic nanowires and ultrathin magnetic
insulating films, causing several chiral magnon transport
phenomena [16, 19–25]. Here we demonstrate that a mag-
netodipolar field pumps electron spins into a conductor
in a non-chiral fashion without the need of an electric
contact. We illustrate the physics for a simple yet re-
alistic model system of a magnetic nanowire on top of
a two-dimensional electron gas (2DEG) as illustrated in
Fig. 1. The latter may be graphene [26, 27], but the ef-
fect is strongly enhanced by spin-orbit interaction, such
as a large g-factor in InAs or InSb quantum wells (QWs)
[28, 29] or the surface states of 3D topological insula-
tor [30, 31]. Electron interaction effects may recover the
chirality of the spin injection.
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FIG. 1. (Color online) Snapshot of spin pumping by the mi-
crowave dipolar field of an excited magnetic nanowire on top
of a 2DEG. A thin tunneling barrier suppresses any exchange
coupling. Orange arrows indicate the direction of stray field.
Transverse spin density of microwaves.—We first
demonstrate that the evanescent magnetodipolar field of
a magnetic nanowire carries transverse angular momen-
tum or “spin”. The nanowire with width w, thickness
d and equilibrium magnetization Ms along the wire (y-)
direction, on top of an electron gas confined in the z-
direction on a length scale s as illustrated in Fig. 1, acts
as an antenna for external microwaves with frequency
tuned to the ferromagnetic resonance ωK [20, 32, 33]. In
the following we use a quantum mechanical notation for
convenience, but in the classical limit operators can be
simply replaced by field amplitudes. The magnetization
dynamics expressed by the spin operator Sˆ(r, t) gener-
ates a magnetic field hˆ by Coulomb’s Law (disregarding
retardation) [34],
hˆβ(r, t) = −γ~
4pi
∂β∂α
∫
dr′
Sˆα(r
′, t)
|r− r′| , (2)
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2in the summation convention over repeated spatial (or
spin) indices {α, β} = {x, y, z}. −γ is the gyromag-
netic ratio of the nanowire. For sufficiently weak excita-
tion the spin operators in the wire can be expanded into
magnon field operators αˆky and their amplitudes across
the nanowire m
ky
x,z(x, z):
Sˆx,z(r, t) =
√
2S
∑
ky
(
mkyx,z(x, z)e
ikyyαˆky (t) + H.c.
)
,
Sˆy(r, t) = −S + (Sˆ2x + Sˆ2z)/(2S), (3)
where S = Ms/(γ~). The static stray field is negligi-
bly small for sufficiently long nanowires. The dynamic
stray field hβ(ρ, z) =
∑
k e
ik·ρ−iωth˜β(z,k) + H.c. =∑
k e
ik·ρhβ(z,k, t) with hβ(z,k, t) = h˜β(z,k)e−iωt +
h˜∗β(z,−k)eiωt is generated by spin waves with momen-
tum kyyˆ. Below the nanowire (z < 0) it has Fourier com-
ponents for k = (kx, ky, 0)
T [16, 21, 22] h˜x(z,k)h˜y(z,k)
h˜z(z,k)
 = Fk(mkyz + ikxk mkyx
) ikx/kiky/k
1

× ekz ∣∣〈αˆky〉∣∣ , (4)
where Fk = −γ~
√
2S(1−e−kd) sin(kxw/2)/kx is the form
factor of the rectangular wire.
h = 〈hˆ〉 is the response to 〈αˆky 〉, the coherent ampli-
tude of magnons excited by external microwaves. h˜x(k)
decays exponentially ∼ e−k|z| on a scale governed by
the complex momentum κ = kxxˆ + kyyˆ − ikzˆ [4].
We focus here on the circularly polarized spin waves
with mx → imz in nanowires with circular/square
cross sections. External microwaves excite the Kittel
magnon [35] with ky = 0, such that h˜y(k) vanishes
and h˜x(k) = isgn(kx)h˜z(k). Nevertheless, h˜(k) = 0
for kx > 0, since magnons precess preferentially in one
direction, which distinguishes the chirality found here
from the polarization-momentum locking in optics [2, 3].
The photon spin density under the nanowire D(x, z) =
µ0Im
[
h˜∗(x, z)× h˜(x, z)
]
/(4ω) is purely transverse since
D · h = 0, as illustrated in Fig. 2 for w = d = 60 nm. D
is symmetric with respect to the center of the nanowire.
At finite distances from the wire the near singularity at
the edges is smeared out, but the average amplitude re-
mains significant. The photon magnetic field couples to
the electron spins by the Zeeman interaction. Absorp-
tion transfers the photon spin over distances limited by
the evanescent decay length in contrast to conventional
spin pumping, which happens directly at the interface.
Formalism.—The photon field derived above can ex-
cite spins into any conductor in its proximity. Here we
illustrate the concept by a 2D electron gas with Hamilto-
nian Hˆ0 in which only the lowest subband with envelope
wavefunction φ(z) is occupied (see Supplemental Mate-
rial Sec. III for a 1D quantum wire [36]). The Zeeman
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FIG. 2. (Color online) Spatial distribution of the microwave
photon spin density along the y-direction (normalized by the
maximum modulus when z = 0) generated by a magnetic
nanowire with d = w = 60 nm under ferromagnetic resonance.
The distances to the nanowire are z = 0 (solid line) and 3 nm
(dashed-dotted line).
coupling between the conduction electron spin sˆ and the
evanescent (near) field amplitude h(r, t) reads [4, 34]
HˆZ = η
∫
dr|φ(z)|2sˆ(ρ, t) · h(r, t), (5)
where η ≡ µ0γe, r = ρ+zzˆ, γe = −geµB/~, with µB and
ge being the Bohr magneton and (effective) electron g-
factor, respectively. In the strictly 2DEG limit |φ(z)|2 →
δ (z) and h(ρ, z) ≈ h(ρ, z = 0). The excited spin density
in the linear response reads
〈sˆα(ρ, t)〉l = −η
∑
ω
∑
k
eik·ρ−iωtχαβ(k, ω)hβ(k, ω), (6)
where χαβ(k, ω) are the elements of the spin susceptibil-
ity tensor, defined by the ensemble average 〈· · · 〉 [37, 38]
χαβ(ρ−ρ′, t− t′) = iΘ(t− t′) 〈[sˆα(ρ, t), sˆβ(ρ′, t′)]〉 . (7)
The nearly homogeneous microwave fields excite the
magnetic resonance of the wire but not the electron gas
and may be disregarded here. 〈ˆs〉 decays with the dipo-
lar field on the scale of the wire width. Assuming that
the spin diffusion length, which can be of the order of
micrometers in 2DEGs [39] (and even longer in graphene
[40]), exceeds the field decay length (tens of nanometer),
we can compute χαβ by straightforward linear response
theory (see Supplemental Material [36]).
The excited spin density is a source term for the kinetic
equations, from which we can calculate spin dynamics
and transport, and when the spin-orbit coupling is suf-
ficiently weak, the spin current. For the spin dynamics
in the 2DEG we need not only sl(ρ, t) = 〈ˆs(ρ, t)〉l from
Eq. (6), but also its time derivative (in interaction rep-
resentation “I” below) [1, 17, 41–43], which is derived in
3the Supplemental Material [36]:〈
∂sˆI (ρ, t)
∂t
〉
=
i
~
〈[
HˆI0 , sˆI (ρ, t)
]〉
=
∂sl(ρ, t)
∂t
+ ηsl(ρ, t)× h(ρ, t). (8)
This relation recovers that in the conventional spin
pumping [17, 18] when replacing the microwave field h
by the magnetization m at the interface in Eqs. (6) and
(S7) [42], in which case 〈s˙I〉 can be interpreted as the spin
injection rate R(t) or spin current (see below) across the
interface.
When the spin-orbit coupling is negligible, the spin
current operator is defined through the commutator
−∇ρ · Jˆ I = (i/~)
[
HˆI0 , sˆI(ρ, t)
]
, leading to [41, 42]
−∇ρ · J (ρ) = ∂sl(ρ, t)
∂t
+ ηsl(ρ, t)× h(ρ, t), (9)
where J (ρ) is the spin current tensor with elements
J δα(ρ, z) (α and δ are the spatial and spin indexes).
Substituting Eq. (6) into Eq. (9) leads to DC and AC
spin currents. When the susceptibility is well behaved
at low frequencies and assuming that the Fermi energy
EF  ~ω, we may use the adiabatic approximation for
the excited spin density [37, 41, 44, 45],
〈sˆα(ρ, t)〉l = −η
∑
k
eik·ρReχαβ(k, ω → 0)hβ(k, t)
+ η
∑
k
eik·ρ
∂Imχαβ(k, ω)
∂ω
∣∣∣∣
ω→0
dhβ(k, t)
dt
,
(10)
In the long wavelength limit in which Reχαβ(k→ 0, ω →
0) is constant the first, reactive term on the r.h.s. of
Eq. (10) causes a pure AC contribution ∼ h˙ to the spin
current through the first term s˙ in the r.h.s. of Eq. (9).
The second, dissipative term contributes to a DC spin
current. We may disregard the external microwave field
that excites the wire FMR since it does not contribute
to the DC response. We also assume that a small static
magnetic field that align the magnetization in the wire
has a negligible effect on the 2DEG spins. The spin cur-
rent injected under the nanowire can be used as a bound-
ary condition for a spin transport theory [46].
The mechanism is most transparent for an isotropic
system with spin susceptibility tensor χζξ = χδζξ (see
examples below [36]). The DC spin current
dJ DCx (x)/dx
= −η2
∑
kx
eikxx Reχ(kx, ω)|ω=0 〈h(kx, t)× h(x, t)〉DC
+ η2
∑
kx
eikxx
∂Imχ(kx, ω)
∂ω
∣∣∣∣
ω=0
〈
h˙(kx, t)× h(x, t)
〉
DC
.
(11)
is evaluated below for two model systems with large g-
factors, viz. the 2DEGs in narrow-gap semiconductor
heterostructures and topological surface states and for
the 1D electron gas in the Supplemental Material [36].
Dipolar spin pumping.—For the free electron gas, the
spin susceptibility is isotropic [37, 38],
χ(k, ω) =
~2
2
∑
q
f(ξq)− f(ξk+q)
~ω + i0+ + ξq − ξk+q , (12)
where ξk = ~2k2/(2m∗)−µ is the electron energy with ef-
fective mass m∗, relative to the chemical potential µ, and
f(ξk) = {exp[ξk/(kBT )]+1}−1 is the Fermi-Dirac distri-
bution at temperature T . In the microwave regime for the
nanowire, |kx| < 2kF , where kF is the 2DEG Fermi vector
[in semiconductors kF = O
(
nm−1
)
] and Reχ(|kx|, ω →
0) = N(0) = m∗/
(
pi~2
)
= O
(
nm−1meV−1
)
[38] and the
reactive first term in Eq. (11) vanishes. The DC spin
current then reduces to
J DCx (x) = η2
∫ x
0
dx
∑
kx
eikxx ∂ωImχ(|kx|, ω)|ω=0
×
〈
h˙(kx, t)× h(x, t)
〉
DC
, (13)
where we used the symmetry relations J DCx (kx) =
−J DCx (−kx) and J DCx (x = 0) = 0 [36]. Assuming for the
moment that χ(|kx|, ω) ≈ χ(kave, ω) with kave ∼ pi/(2w)
and with h(x, t) = h˜(x, ωK)e
−iωKt + h˜∗(x, ωK)eiωKt, we
obtain the simplified expression
J DCx (x) ≈ −2η2ωK∂ωImχ (|kx| → kave, ω)
∣∣
ω=0
×
∫ x
0
dx′Im
[
h˜∗(x′)× h˜(x′)
]
. (14)
Hence, the DC spin-current below the nanowire is (ap-
proximately) proportional to the transverse spin of the
magnetic field, implying transfer of the photon spin an-
gular momentum to the electron spin with an efficiency
governed by ∂ωImχ (|kx| → kave, ω)|ω=0. The spin cur-
rent is polarized in the −y-direction, i.e., opposite to the
magnetization direction of the nanowire.
Since J x(x) ∝ sgn(x), the excited spin is not chi-
ral, but flows into both directions on both sides of the
nanowire as indicated by the blue arrow in Fig. 1, just as
in conventional spin pumping [17, 41, 44, 45]. Although
excited by the same field, this result is in stark contrast
to the magnon spin current [10, 16, 21, 22] or the chi-
ral energy currents of surface plasmon polaritons excited
by a rotating electric dipole [5–7], which are both unidi-
rectional and flow in half space. We can trace the differ-
ent physics to the collective nature of magnons/plasmons
with a well-defined dispersion relation that in the present
geometry are symmetric in k-space, but of which a chiral
dipolar field selects only one. The susceptibility of the
non-interating electron gas, on the other hand, is made
4up by a broad spectrum of electron-hole pair excitations
at the Fermi energy, and chirality vanishes in the inte-
gral over wave vectors at a given frequency. Results for
non-interacting electrons in a quantum wire or metallic
carbon nanotube crosswise to the magnetic wire leads to
similar conclusions [36].
Electron-electron interactions in the 1D electron gas
transform the ground state into Tomonaga-Luttinger liq-
uid with a sharp bosonic excitation spectrum and singu-
lar spin susceptibility [36, 37]
χ(k, ω) = −|k|L
pi
(
1
ω + ωk + i0+
+
1
−ω + ωk − i0+
)
,
(15)
where L is the system length. By contour integration
sl(x, t) =
{
i 2ηωK
v2F
h(k−, ωK)eik−x−iωKt + H.c.
0
for
x < 0
x > 0
,
(16)
where vF is the Fermi velocity, implying that the excited
spin density lives only in half of the nanowire. The DC
spin current
J x(x, t) =
{ −η ∫ x
0
dx′ sl(x′, t)× h(x′, t)|DC
0
for
x < 0
x > 0
(17)
flows in the same half space, recovering the chiral ex-
citation of a spin-density current [36] found earlier in
magnetic films. This example proves that quite gener-
ally chiral excitation by dipolar radiation is not caused
by a hidden symmetry, but requires collective excitations
such as plasmons, magnons, phonons, of a rigid ground
state.
We now estimate the magnitude of the DC spin cur-
rent and/or spin-injection rate by the dipolar field from
an excited magnetic nanowire. We choose a symmetric
QW with s = 20 nm of a semiconductor with small ef-
fective mass such as InSb with m∗ = 0.015me [28] and
electron density ne = 3 × 1011 cm−2 (corresponding to
a Fermi energy EF ∼ 50 meV and Fermi temperature
560 K), such that only the lowest band is populated
even at room temperature. The Dresselhaus-type spin-
orbit coupling with coefficient γD = 220 eVA˚
3
[28, 47]
causes a small correction γD(pi/s)
2kF ∼ 0.7 meV  EF
that we disregard. The g-factor of electron is ge = −36
[28, 29], but the sign is not important here. At tem-
perature T = 100 K the system is degenerate with
subband splitting ~2(pi/s)2/(2m∗) = 63 meV  kBT .
For a Co or CoFeB nanowire with w = d = 60 nm
and µ0Ms = 1.2 T [22], we assume a coherent magnon
density ρm = |〈αˆky=0〉|2 = 109 in Eq. (3) that corre-
sponds to a transverse magnetization amplitude Mx,y ∼
2
√
2γ~Msρmm
ky=0
x,y , i.e. a small precession cone angle
∼ 3.2 × 10−3 degrees that is easily excited by ferromag-
netic resonance.
We plot the DC spin current under the nanowire from
Eqs. (11) and (14) in Fig. 3(a), in which the bidirec-
tional spin current is indicated by the black arrows,
and the spin-injection rate in Fig. 3(b). The simpli-
-1.5
-1
-0.5
 0
 0.5
 1
 1.5
-1.5 -1 -0.5  0  0.5  1  1.5
J
x
/h
 (
1
0
1
0
 m
-1
)
x/w
w=60 nm
d=60 nm
(a) exact
estimated
-1
-0.8
-0.6
-0.4
-0.2
 0
-1.5 -1 -0.5  0  0.5  1  1.5
R
y
/R
0
x/w
(b)
SC
TI
FIG. 3. (Color online) Excited spin current J x/h, with h =
2pi~ [(a)] and spin-injection rate [(b)] under an excited Co
nanowire. In (a), the blue and red curves are calculated from
Eqs. (11) and (14), respectively. In (b), the blue and red
curves are the spin injection rates for a semiconductor 2DEG
and the surface state of a topological insulator, normalized by
the maximal magnitude R0/~ = 2.7 × 1018 m−2 of the blue
curve (parameters and conditions are given in the text).
fied Eq. (14) describes the pumped current by Eq. (11)
well. With the same conditions, the pumped spin cur-
rent is four times in magnitude smaller in InAs QWs
(m∗ = 0.023me and |ge| = 14.3 [28]). The spin current
is of the same order as the spin Hall current generated
by an electric field of 0.1 kV/cm and a spin Hall con-
ductivity σyx = 10
6 (Ω · m)−1, which should be easily
measurable [48]. Under the same conditions, the spin
current pumped by the dipolar interaction is comparable
with that from interfacial exchange interaction with an
exchange splitting JMs~ ∼ 10 meV [49], but does not
require good electric contact between magnet and semi-
conductor. The spin pumping current is less efficient
for graphene and other semiconductors because of the
smaller g-factor. Nevertheless, we cannot exclude that
the observations in graphene|YIG [26, 50] are caused by
dipolar, not exchange interactions.
The excited spin current under the transducer drives
diffusive spin transport over the spin diffusion length
scale [46]. The spin signal can be converted to a trans-
verse voltage by the inverse spin Hall effect in the 2DEG
itself or by heavy metal contacts [48] or the inverse
Edelstein effect [51]. The cyclotron resonance excited
by evanescent microwave magnetic fields in the quan-
tum Hall regime could be an interesting extension of the
present work.
Finally, we estimate the efficiency of the dipolar spin
pumping for surface states of the n-doped topological in-
sulator Bi2Se3 [52] at a low temperature T = 30 K for
which a good exchange interaction with magnetic con-
tacts is difficult to achieve [31] and perhaps not desired
because of an associated proximity effect. Since the spin
current is not conserved, we focus on the DC spin injec-
5tion rate RDC defined in Eq. (S7) and compared with
the semiconductor case in Fig. 3(b). Only the diagonal
terms of the susceptibility tensor [53]
χzz/xx(|kx|, ω) = ~
2
8
∑
q
(1−cosφq) nF (ξq−k)− nF (ξq)
ω + i0+ + ξq−k − ξq ,
(18)
where ξk = ~vfk − µ with vf being the Fermi velocity,
contribute to the DC spin injection (see Supplemental
Material [36]). With ne = 10
11 cm−2, vf = 105 m/s, and
|ge| = 20 [30], the spin injection rate is of the same order
as that of the InSb semiconductor 2DEG.
Discussion.—We demonstrate transfer of transverse
spin angular momentum from an evanescent microwave
field to an electron gas, thereby establishing a new spin
pumping mechanism into electric conductors. The pho-
ton angular momentum is inherent to the evanescent
stray fields of a precessing magnetization, but it also ex-
ists in microwave cavities or waveguides. The dipolar
spin pumping is contactless and avoids possible artifacts
by the magnetic proximity effect. The excited spin cur-
rent is not chiral, in contrast to the spin pumping of
spin waves into magnetic films [16], but chirality can be
recovered by electron-electron interactions. Handedness
in transport by dipolar radiation is therefore not asso-
ciated to a hidden symmetry, but is a consequence of
long-lived collective excitations or rigidity of the trans-
ported carriers. The spin pumping by a magnetic trans-
ducer into a 2DEG and a surface state of a topological
insulator are estimated large enough to be observable.
Our study bridges the concepts and understandings in
different fields including spintronics [1, 11, 12, 18, 54],
nano-optics [5] and plasmonics [2, 3].
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1Supplemental Material
SPIN INJECTION RATE
Here we derive the rate of change of the spin density in the presence of spin-non-conserving drive [17, 42]. The
time-dependent Zeeman Hamiltonian HˆZ (t) = η
∫
sˆ(x, t) · h(x, t)dx perturbs the system Hamiltonian Hˆ0, leading to
the Heisenberg equation of motion for the electron spin density sˆ
∂sˆ(x, t)
∂t
=
i
~
[
Hˆ0 + HˆZ, sˆ(x, t)
]
=
i
~
[
Hˆ0, sˆ(x, t)
]
− ηsˆ(x, t)× h(x, t), (S1)
where we use the commutator [sˆβ(x
′, t), sˆα(x, t)] = i~εβαδ sˆδ(x)δ(x − x′). In the Heisenberg representation the wave
function does not depend on time, so 〈
∂sˆ(x, t)
∂t
〉
=
∂ 〈sˆ(x, t)〉
∂t
. (S2)
In the interaction representation [37, 38], operators AˆI(t) = e
iH0t/~AˆSe−iH0t/~ evolve only by the unperturbed,
time-independent Hamiltonian Hˆ0. The spin-density rate of change now contains two terms〈
∂sˆ(x, t)
∂t
〉
=
∂
〈
U†(t)sˆI(x, t)U(t)
〉
∂t
=
i
~
〈
U†(t)
[
HˆZ(t), sˆI(x, t)
]
U(t)
〉
+
〈
U†(t)
∂sˆI(x, t)
∂t
U(t)
〉
, (S3)
where
U(t) = Tt exp
(
−
∫ t
0
dt′HˆZ(t′)
)
(S4)
is (time-ordered) time evolution operator governed by the perturbation.
In the interaction representation the pump field does not appear in the operators, so for the free electron gas
HˆI0 = pˆ
2
I/(2m) we find the spin-conservation relation
∂sˆI(x, t)
∂t
=
i
~
[HˆI0 , sˆI(x, t)] = −
∂
∂x
Jˆ I(x, t), (S5)
where by the Fermion operator fˆ Iα(x) with spin α
Jˆ I = ~
2
4im
fˆ I†α (x)σαα′∂xfˆ
I
α′(x) + H.c. (S6)
is the spin current operator. The expectation value for the spin current is therefore
− ∂
∂x
J (x, t) = ∂
〈
U†(t)sˆI(x, t)U(t)
〉
∂t
− i
~
〈
U†(t)
[
HˆZ(t), sˆI(x, t)
]
U(t)
〉
, (S7)
which is formally exact. We may now expand the spin current divergence to first order in the microwave field h. The
first term 〈
U†(t)sˆIα(x, t)U(t)
〉→ 〈sˆα(x, t)〉l = i~
∫ t
0
dt′
〈[
HˆIZ(t
′), sˆIα(x, t)
]〉
= −η
∫
dx′dt′χαβ(x− x′, t− t′)hβ(x′, t′) +O(χ(2)h2), (S8)
is the response in terms of the linear [37, 38]
χαβ(x− x′, t− t′) = iΘ(t− t′)
〈[
sˆIα(x, t), sˆ
I
β(x
′, t′)
]〉
(S9)
2and quadratic χ(2) spin susceptibilities. The second term
− i
~
〈
U†(t)
[
HˆZ(t), sˆ
I
α(x, t)
]
U(t)
〉
→ η
~
iεβαδhβ(x, t)
∫ t
0
dt′
〈[
HˆZ(t
′), sˆδ(x, t)
]〉
= ηεβαδhβ(x, t)sˆδ(x, t)|l. (S10)
scales like ∼ χh2. It directly affects the transverse dynamics in contrast to the χ(2)h2 term that we therefore disregard.
We thereby recover the spin-current to leading order in the microwave field used in the main text
−∇ ·J (x, t) = ∂ 〈s〉l
∂t
+ η 〈s〉l × h. (S11)
The torque term is second order in h. Physically, the microwave field generates a spin polarization with a (mainly
dissipative) component 〈s〉l / h which instantaneously precesses in the field. We could redefine the spin current by
including this external torque into Eq. (S6) [? ], which would reduce to the conventional one outside the reach of the
evanescent field h.
Spin-orbit coupling also leads to an additional spin-nonconserving torque on the right hand side that can be included
into the definition of the spin current [? ], leading to an ambiguity of the latter concept. R(t) = 〈U†(t)∂tsˆI(ρ, t)U(t)〉
can still be interpreted as a spin injection rate, however.
SPIN SUSCEPTIBILITY OF TOPOLOGICAL INSULATOR
Here we rederive the spin susceptibility for the 2DEG [37, 38]. Including the free kinetic energy εk and chemical
potential µ by ξk = εk − µ, the Rashba Hamiltonian reads
Hk = ξk + hk · σ. (S12)
In the normal electron gas, hk = 0, while for a topological surface state, εk = 0 and hk ·σ = ~vf (kyσx− kxσy) where
vf is the Fermi velocity. The energy spectra is given by
ξk± = ξk ± |hk|. (S13)
With the electron (annihilation) operator fˆkξ with momentum k and spin ξ and vector of Pauli matrices σ =
(σx, σy, σz)
T
, the spin density operator reads
sˆα(ρ) =
~
2
∑
kk′
ei(k−k
′)·ρσα|δξ fˆ†k′δ fˆkξ, (S14)
with which the spin susceptibility is given by
χαβ(ρ− ρ′, t− t′) = iΘ(t− t′) 〈[sˆα(ρ, t), sˆβ(ρ′, t′)]〉 . (S15)
In the Matsubara representation,
χαβ(k, iωn) = −
∫
e−ik·ρ+iωnτ 〈Tτ sˆα(ρ, τ)sˆβ(0, 0)〉dτdρ
=
~2
4
1
β
∑
q
∑
ωn′
Tr [σαGk+q(ωn′)σβGq(ωn + ωn′)] , (S16)
where β = 1/(kBT ), and Gk(ωn) is the electron Green function. From Eq. (S12),
Gk(ωn) = Pk+
iωn − ξk+ +
Pk−
iωn − ξk− (S17)
with projection operators
Pk± =
1
2
(
1 ±lk
±l∗k 1
)
, (S18)
3where lk = ie
−iφk by the angle of momentum φk = acrtan(kx/ky) for topological surface state.
For the free electron gas Eq. (S17) reduces to [37, 38]
Gk(ωn)→ 1
iωn − ξk . (S19)
The spin susceptibility Eq. (S16) then becomes
χ
(F )
αβ (k, iωn) =
~2
2
δαβ
∑
q
nF (ξq)− nF (ξk+q)
iωn + ξq − ξk+q , (S20)
leading to the retarded one by the analytical continuation
χ
(F )
αβ (k, ω) =
~2
2
δαβ
∑
q
nF (ξq)− nF (ξk+q)
ω + i0+ + ξq − ξk+q . (S21)
At low temperatures T → 0 or in the degenerate regime [37, 38],
Imχ(F )(k, ω) = −N(0)~
2
2
kF
k
(
Θ(1− v2−)
√
1− v2− −Θ(1− v2+)
√
1− v2+
)
, (S22)
where the electron density of states N(0) = m∗/(2pi~2) and v± = ω/(kvF )± k/(2kF ) with vF = ~kF /m∗. Thus,
∂Imχ(F )(k, ω)
∂ω
∣∣∣∣
ω→0
= − m
∗2
4pi~kkF
Θ(1− v2) 1√
1− v2 , (S23)
where v = k/(2kF ).
With spin-orbit interaction, the retarded spin susceptibility Eq. (S16) becomes [53]
χαβ(k, ω) =
~2
4
∑
ij∈{+,−}
Γ
(ij)
αβ (k,q)
∑
q
nF (ξq,i)− nF (ξk+q,j)
ω + i0+ + ξq,i − ξk+q,j , (S24)
where
Γ
(ij)
αβ (k,q) = Tr (σαPk+q,iσβPk,j) . (S25)
We assume an n-doped topological insulator at low temperatures [52] and focus on its (+)-branch. Since the dipolar
field has only x- and z-components, β = {x, z} in the following. With 2Pk,+ = 1 + σx sinφk − σy cosφk,
2Tr (σαPk+q,+σβPk,+)
= δαβ
(
1− sinφk+q sinφk(−1)δβx − cosφk+q cosφk
)
+ i(− sinφk+q(−1)δβx + sinφk)εαβx
+ i(cosφk+q − cosφk)εαβy
− (sinφk+q cosφk(−1)δβx − cosφk+q sinφk)εαβz, (S26)
where εαβγ is the Levi-Civita symbol with εxyz = 1. The components of the spin susceptibility of interest read
χxx(k, ω) =
~2
8
∑
q
(1 + sinφk+q sinφk − cosφk+q cosφk)Ak(q),
χyx(k, ω) =
~2
8
∑
q
(sinφk+q cosφk + cosφk+q sinφk)Ak(q),
χzz(k, ω) =
~2
8
∑
q
(1− sinφk+q sinφk − cosφk+q cosφk)Ak(q),
χzx(k, ω) = i
~2
8
∑
q
(cosφk+q − cosφk)Ak(q),
χxz(k, ω) = −i~
2
8
∑
q
(cosφk+q − cosφk)Ak(q),
χyz(k, ω) = i
~2
8
∑
q
(− sinφk+q + sinφk)Ak(q), (S27)
4where we define
Ak(q) =
nF (ξq,+)− nF (ξk+q,+)
ω + i0+ + ξq,+ − ξk+q,+ .
In these components, χxx(k, ω), χyx(k, ω) and χzz(k, ω) are even function of momentum k, while χzx(k, ω), χxz(k, ω)
and χyz(k, ω) are odd of k. As χαβ(r, t) is real, we have χαβ(k, ω) = χ
∗
αβ(−k,−ω), leading to Reχαβ(k, ω) =
Reχαβ(−k,−ω) and ∂ωImχαβ(k, ω)|ω=δ = ∂ωImχαβ(−k, ω)|ω=−δ. Thus,
Reχzx(k, ω = 0) = 0, ∂ωImχzx(k, ω)|ω=0 = 0,
Reχxz(k, ω = 0) = 0, ∂ωImχxz(k, ω)|ω=0 = 0,
Reχyz(k, ω = 0) = 0, ∂ωImχyz(k, ω)|ω=0 = 0, (S28)
because χzx, χxz and χyz, are odd of k. Furthermore χyx(kx, ω) = 0 with φkxxˆ = 0:
χyx(kx, ω) =
~2
8
∑
q
sin(φk + φq)Ak(q− k)
=
~2
8
1
(2pi)2
∫ ∞
0
dq
∫ pi
−pi
dφkq sinφqA(k, q, cosφq) = 0, (S29)
since the integral is odd in φq. Only two terms contribute to the dipolar spin pumping, viz. [53]
χzz(kx, ω) = χxx(kx, ω) =
~2
8
∑
q
(1− cosφq)Ak(q− k). (S30)
CHIRAL SPIN PUMPING INTO TOMONAGA-LUTTINGER LIQUID
Here we illustrate the chiral spin pumping [16] into a one-dimensional electron gas (along the x-direction) perpen-
dicular to a nearby rectangular magnetic nanowire (along the y-direction) in order to emphasize the importance of
interactions on chirality. The spin density pumped by the Kittel magnon with frequency ωK reads
〈sˆα(x, t)〉l = −η
∑
k
eikx−iωKtχ(k, ωK)hα(k, ωK) + H.c., (S31)
where hα(|k| , ωK) = 0 and hα(− |k| , ωK) 6= 0 are chiral in momentum space.
The non-interacting case in one-dimension is similar to the 2DEG. The Pauli spin susceptibility is an integral over
single electron-hole pair excitation,
χF (k, ω) =
~2
2
∑
q
nF (ξq)− nF (ξk+q)
ω + i0+ + ξq − ξk+q . (S32)
Far below the Fermi temperature T  TF [38]
ReχF (k, ω) = −~
2
2
N(0)
kF
2k
(
ln
∣∣∣∣ν− − 1ν− + 1
∣∣∣∣− ln ∣∣∣∣ν+ − 1ν+ + 1
∣∣∣∣) ,
ImχF (k, ω) = −~
2
2
N(0)
pikF
2k
(
Θ(1− ν2−)−Θ(1− ν2+)
)
, (S33)
where the density of state N(0) = m∗/(pi~2kF ) and ν± = ω/(kvF ) ± k/(2kF ). In contrast to the 2D case, the real
part of the spin susceptibility depends on momentum also for |k| < 2kF and diverges logarithmically at |k| = 2kF .
With k ∼ pi/(2w), m∗ωK/~ k2/2 and using the parameters of InSb from the main text, m∗ωK/~ ≈ 0.05k2/2. Close
to the origin χF (k, ω) is well behaved and only weakly depends on ω. In the adiabatic limit ImχF (k, ω → 0) = 0
χF (k, ω → 0) ≈ −~
2
2
N(0)
kF
k
ln
∣∣∣∣2kF + k2kF − k
∣∣∣∣ ≈ −~22 N(0)
∣∣∣∣
|k|kF
. (S34)
5The excited spin density in real space follows the dipolar field Eq. (S31)
〈sˆα(x, t)〉l ≈ −η~
2
2
N(0)hα(x, t). (S35)
Figure S1 is a snapshot of the excited spin density calculated by using the spin susceptibility in Eqs. (S33) and (S34),
respectively, in which the latter describes the feature of former well (apart from the fine structure caused by the
singularity at |k| = 2kF ), confirming the validity of the adiabatic approximation. The DC spin current reads
J x(x) = J x(x = 0)− η
∫ x
0
sl(x, t)× h(x, t), (S36)
where we show below that J x(x = 0) is in practice very small.
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FIG. S1. (Color online) A snapshot of the spin density vector components sx(x, t) and sz(x, t) of the non-interacting one-
dimensional electron gas excited by the dipolar field of a crossed magnetic nanowire, calculated from the spin susceptibilities
in Eqs. (S33) and (S34), respectively. Results are normalized to the maximum value of the blue curve.
When interaction is switched on, the electrons close the Fermi energy can be modeled by the Tomonaga Hamiltonian
[37, 38]
Hˆ0 = vF
∑
kσ
|k| fˆ†kσ fˆkσ +
1
2L
∑
k
Vkρˆ(k)ρˆ(−k), (S37)
where vF is the Fermi velocity, Vk is the Fourier component of Coulomb potential in one dimension, and the Fourier
component of the density operator reads
ρˆ(k) =
∑
qσ
f†q−k/2,σ fˆq+k/2,σ. (S38)
This model supports two kinds of Bosonic excitations [37], i.e. charge and spin density waves with different group
velocity that causes a spin-charge separation. The spin density excitations have a dispersion ωk = vF |k| and suscep-
tibility (cf. Chap. 4 of Ref. [37])
χαβ(k, ω) = −δαβ |k|L
pi
(
1
ω + ωk + i0+
+
1
−ω + ωk − i0+
)
. (S39)
The Coulomb interaction dramatically modifies the spectrum from a broad area of single electron-hole pair excitation
in the (k, ω) plane to a sharp collective one when the interaction is switched on, leading to a singular response to
external perturbations. For positive ω, the two poles k± = ±(ω/vF + i0+) are in the upper and lower complex plane,
respectively. The Fourier components of the spin density are
sl(k, t) = −2ηωK
v2F
h(k−, ωK)
1
k + ωK/vF + i0+
e−iωKt
+
2ηωK
v2F
h∗(k−, ωK)
1
k − ωK/vF + i0+ e
iωKt. (S40)
6When x > 0 we close the contour in the upper complex plane, which leads to a vanishing spin density, while for x < 0
〈sˆα(x, t)〉l = i2ηωK
v2F
hα(k−, ωK)eik−x−iωKt + H.c., x < 0. (S41)
Thus, the excited spin density lives only in half of the nanowire. Also the DC spin current
J DCx (x) = J DCx
(
x =
w
2
)
+
{ −η ∫ xw
2
dx′ sl(x′, t)× h(x′, t)|DC
0
for
x < 0
x > 0
→
{ −η ∫ x
0
dx′ sl(x′, t)× h(x′, t)|DC
0
for
x < 0
x > 0
(S42)
flows only in the same half space because J DCx
(
x = w2
) → 0 as we show now. The Fourier components of the spin
current are
J x(k) = − η
ik
∑
k′
sl(k
′, t)× h(k − k′, t). (S43)
Since the poles of sl(k, t) lie in the lower complex plane and for x = w/2 > 0
J x
(
x =
w
2
, t
)
=
∑
k
eikxJ x (k, t)
= iη
∑
k
∑
k′
ei(k+k
′)x 1
k + i0+ + k′
sl(k
′, t)× h(k, t) = 0. (S44)
by closing the integral path of k′ in the upper complex plane. The singularities in Eq. (S39) at low frequencies do
not allow making an adiabatic approximation as in non-interacting systems.
Comparing the interacting and non-interacting cases, we may conclude that real-space chiral excitations are caused
by singularities in the spin susceptibility that select the k-space chirality of the exciting field.
SPIN CURRENT AT ORIGIN
Here we demonstrate that for the 2DEG J x(x = 0) = 0 in the adiabatic approximation. In momentum space, the
spin current is given by J x(x) =
∑
kx
eikxxJ x(kx), and J x(x = 0) =
∑
kx
J x(kx). J x(kx) = J ∗x(−kx) since the
current is real. The Fourier components of the dissipative contribution are
J x(kx) = η
2
ikx
∑
k′x
∂Imχ(|k′x|, ω)
∂ω
∣∣∣∣
ω=0
dh(k′x, t)
dt
× h(kx − k′x, t). (S45)
Following the main text, hβ(k, t) = h˜β(k)e
−iωKt + h˜∗β(−k)eiωKt, leading to
J DCx (kx) =
η2ωK
kx
∑
k′x
∂Imχ(|k′x|, ω)
∂ω
∣∣∣∣
ω=0
(
h˜∗(−k′x)× h˜(kx − k′x)− h˜(k′x)× h˜∗(−kx + k′x)
)
. (S46)
By the main text, h˜z is purely real and h˜x is purely imaginary, we then conclude that J DCx (kx) is purely imaginary.
Thus, J DCx (kx) is odd with respect to kx by J DCx (kx) = −J DCx (−kx), leading to
J DCx (x = 0) =
∑
kx
J DCx (kx) = 0. (S47)
The spin current vanishes because the right and left propagating contributions cancel at x = 0.
However, the real part of the spin-susceptibility does contribute, rendering a finite DC spin current J Rx at x = 0,
at least in principle. The DC contributions of its Fourier components
J Rx (kx) = −
η2
ikx
∑
k′x
Reχ(|k′x|, ω → 0)h(k′x, t)× h(kx − k′x, t)
= − η
2
ikx
∑
k′x
Reχ(|k′x|, ω → 0)
(
h˜(k′x)× h˜∗(−kx + k′x, t) + h˜∗(−k′x)× h˜(kx − k′x, t)
)
, (S48)
7are real and J x(kx) = J x(−kx) is even, leads to a J x(x = 0) 6= 0. However, for the non-interacting 1D (2D) electron
gases, the real part of the spin susceptibility is approximately (exactly) constant at long wave length and the DC spin
current is small (zero) because
∑
k′x
h(k′x, t)× h(kx − k′x, t)|DC = 0. The spin polarization follows the magnetic field,
so sl (x = 0, t) 6= 0.
